Abstract. We have measured the spectral momentum densities of thin foils of diamond-like carbon using (e,2e) spectroscopy. Transmission electron energy loss spectra and (e,2e) spectra were measured before and after annealing a thin foil at around 900% and before and after thinning the foil using reactive ion etching in an argor@xygen plasma. The valence band spectral momentum densities are compared with spherically averaged graphite and diamond band theory calculations. After annealing the surface sensitive (e,Ze) data are closer to the graphite theory for the foil. Before annealing and also after plasma etching the (e,2e) data compare more favourably with the diamond theory. Bulk-sensitive transmission energy loss spectra for the annealed sample show a weak graphitic plasmon at around 6 eV energy loss which disappears after subsequent plasma etching. These measurements show that the diamond-like carbon films become graphitic only at the surface after annealing and that the graphitic surface layer can be easily removed by reactive ion etching.
Introduction
It is well known that amorphous carbon has many different forms, ranging from soft black graphitic carbon to hard transparent diamond-like carbon [ 11. Recent studies have shown that it is possible to generate amorphous carbon with an almost pure tetrahedral bonding configuration by a process of mass-selected ion beam deposition (MSIBD). This form of tetrahedrally bonded amorphous carbon (ta-C) has been characterized by a number of different techniques, including EELS, densitometty and neutron diffraction [2, 3] . 'Ilwse studies show that ta-C is about 90% tetrahedrally bonded.
In comparison, evaporated carbon (eC) is over 80% trigonally bonded [2, 4] . In this paper 0022.3727/95/112340t05$19.50 0 1995 IOP Publishing Ltd we present the results of a series of (e,2e) and transmission EELS measurements of ta-C and make some comparisons with the calculated electronic structure of the two main crystalline forms of carbon, namely diamond and graphite. It is shown that ta-C has an electronic structure close to that of diamond. It is also shown that a graphitic surface layer, which appears after annealing ta-C, can be removed by plasma etching.
Electron momentum specnoscopy or (e,2e) spectroscopy has been used successfully for some time to measure the electronic structure of atoms and molecules (see [S] and references therein). The tirst (e,2e) messurements on solids which resolved valence band states were studies of graphitic and diamond-like amorphous carbon [6, 7] , but, because of poor energy and tnomentum resolution and low count rates, it is difficult to make meaningful comparisons with the results presented here. The technique has recently been developed to have sufficient resolution and count rate to allow detailed shldy of the valence electronic structure of condensed matter [8] . Electron momentum spectroscopy is an electronic structure measurement technique which involves the transmission of a high-energy collimated beam of electrons through a thin free-standing target. Some of the incident electrons will scatter from electrons in the foil, resulting in target electrons being knocked out. Scattered and ejected electrons arc detected in time coincidence by electrostatic energy and momentum analysers. A schematic diagram of the kinematics is shown in figure l(a), with the incident electron represented by the vector pc. Using conservation of energy and momentum it is straightforward to calculate the binding energy and the momentum of the target electron before the knockout collision.
For an incident electron energy of Eo and scattered and ejected electrons of energy Es and E, (momenta p, and pe) respectively, the binding energy E of the target electron before being knocked out is
and the recoil momentum 9. which in the plane wave approximation is equal and opposite to the momentum of the target electron before the collision, is
The incident energy of 20 keV allows reasonable transmission through 10 nm thick foils, but the measurement is surface-sensitive because of the small mean free path of the slow electrons, which are detected with kinetic energies of around 1.2 keV. At this energy the mean free path is a few nanometres [9] ; hence the technique is sensitive to the back surface of the film from which the ejected electrons emerge. This is illustrated in figure l(b) . A detailed analysis of the (e,Ze) cross section in the case of a crystal target has been given by Allen ef al [IO] and summa&d by Vos ut al (111. Excepting multiple scattering of the incoming or outgoing electrons, and in the independent particle model, the measured cross section is given by [IO] dso dS22, dQ2, d& where N is the number of unit cells involved in the reaction, fd is a dispersion factor [13] (which is close to unity in this application) and fee is the Mott scattering cross section for the two electrons. In the present experiment all these factors are essentially constant and the measured cross section is directly proportional to the square of the target electron momentum space wavefunction,
The real electron momentum q is known because of the direct measurement of the incoming and outgoing momenta. For this reason the technique is ideally suited to measuring the electronic structure of amorphous m+zrials.
The absence of iong-range order in amorphous solids means that the crystal momentum Ic is not defined in these materials.
Photon measurements in the valence band energy regidn of amorphous solids will yield intensities that arc not resolved in momentum (commonly, but incorrectly, these measurements arc called density of states measurements), whereas the (e,2e) technique allows each point in the energy-momentum phase space. to he uniquely identified according to the incoming and outgoing electron momentum vectors.
Experimental
The measurementS were performed using an electron momentum spectrometer which has been described in detail elsewhere [Sl.
A sample introduction and preparation chamber is attached to the main spectrometer chamber. The main spectrometer was operated at about lo-lo Torr. Typical pressures in the preparation chamber were in the low lo+ Torr range.
The ta-C targets were prepared by McKenzie er al (21 using mass-selected ion beam deposition onto NaCl crystals. These fragile ta-C targets were removed from their substrates by Roatation in distilled water and supported on microscope grids. They were transferred into the scattering chamber via the sample preparation chamber.
A series of measurements was carried out on the ta-C targets. Initially the EELS spectrum was measured to observe the plasmon loss function.
This was followed by an (e,2e) measurement.
After this (e,2e) measurement the sample was annealed in the preparation chamber. Annealing involved electron bombardment of the sample at a power of about 7 W for 10 min. The exact temperature of this annealing is unknown (as has been discussed in an earlier paper on e-C [ 111). but is estimated to be about 900°C. Annealing was followed by another EELS observation and then an (e,2e) measurement. Next the foil was etched for about 1 min in an Ar-0 plasma (500 mTorr, 50% Ar, 50% 0), followed by another set of EELS and (e,2e) measurements.
The target was then annealed again, and another EELS measurement was performed. After another cycle of Ar-0 etching and annealing and then Ar-0 etching, a further etch was performed using argon only, in an attempt to remove surface oxygen, and followed by an EELS and an (e,2e) measurement.
Finally, the target was annealed again at about 7 W for 10 min, followed by another set of EELS and (e,2e) measurements.
The results of this sequence of measurements are discussed below.
Results
All of the energy loss measurements of the foil showed the broad plasmon peak that is characteristic of carbon. Figure 2 shows this in the resuhs of six separate EELS measurcmcnts made on the foil of ta-C, before and after the stages of annealing and etching described in section 2. For the as introduced ta-C foil the plasmon peak energy was close to 30 eV, which is expected from the high density of these films.
This conshasts with the bulk plasmon energy peak of below 2.5 eV that is measured for evaporated (graphitic) carbon films [I I]. Films of ta-C type have been measured to have a plasmon energy of 30.5 eV [2], indicating high density, but the current-voltage characteristics of metal-ta-C junctions indicate that these films have a graphitic surface layer [14], so, in the limit of a very thin film of ta-C, the energy at the plasmon peak is expected to be closer to 25 eV.
After annealing, the EELS spectrum shows a slight increase in the intensity at around 6 eV energy loss, which is attributed to the rr plasmon of a graphitic a-C ( figure  2(b) ). This intensity at 6 eV decreases after Ar-0 plasma etching ( figure 2(c) ). The EELS following the next stage (annealing) shows even more relative intensity at around 6 eV ( figure 2(d) ), probably because the foil is now thinner, so that a graphitic surface layer would comprise a larger fraction of the foil. Subsequent etching again caused a reduction in the rr plasmon intensity, and a shift of the bulk plasmon peak energy to higher energy ( figure 2(e) ). The final annealing of the now very thin foil (perhaps 40 nm thick) yields an EELS spectrum with stronger intensity at 6 eV, and a definite shift of the bulk plasmon to lower energy loss ( figure 2(f) ).
Between each annealing and etching stage (e,2e) measurements were made. Two types of (e,2e) result were obtained, and these are shown in figures 3(a) and (b). The result shown in figure 3(a) is typical of results obtained from the as-introduced foil, or after Ar-0 plasma etching. The data shown in figure 3(b) are typical of results obtained after annealing the foil. As the foil became thinner due to the Ar-0 plasma etching the quality and count rate of the (e,2e) experiment improved markedly.
The results of the (e,2e) measurements shown in figures 3(a); and (b) (and in figures 4(a) and (b)) were taken at the same stage as the EELS measurements of figures 2(e) and (f) respectively, when the foil was thinnest. A simple deconvolution procedure was applied to the (e,2e) data to reduce the effects of multiple scattering. This deconvolution was not an attempt to sharpen the peaks in the data, but was intended solely to reduce the effects of multiple energy losses experienced by the incoming and outgoing electrons (mainly the plasmon excitation in the EELS data). The theory and application of deconvolution in (e,2e) data have been discussed by Jones and Ritter [ 151. The electronic structure of e-C and ta-C resembles an angular average of the spectral momentum density of graphite and diamond, respectively. This angular average was obtained theoretically by the linear muffin tin orbital (LMTO) method [16] . The theoretical results for diamond and graphite arc compared with the etched and annealed (e,2e) data in figures 3 and 4.
One of the diffmulties in making the (e,2e) measurements is the fact that insulating ta-C may charge. The charging of these films does not cause significant problems with EELS measurements because, if the target is charged, the incoming and outgoing electrons experience the same energy loss (or gain) in overcoming the potential of the charged target. In contrast, (e,2e) measurements arc influenced by charging because of the additional electron leaving the target. It was found that the binding energy specrra were shifted to higher energies, depending on the incident beam current. This shift toward higher binding energies was attributed to charging effects, although the shift was nonlinear with current. It may also have broadened the energy resolution of the measurement, since the target may not be uniformly charged. A way of overcoming possible charging problems could be the use of films doped with nitrogen or phosphorus during deposition, since it is known that this leads to a dramatic increase in the conductivity of these films [17] .
One of the motivations for annealing the ta-C was for comparison with earlier e-C measurements [ll] . It was expected that, after annealing, the sample would show an EELS spectrum similar to that of an annealed e-C sample. Earlier EELS measurements of e-C foils showed that annealing gave rise to a significant increase in the intensity of the rr plasmon at an energy loss of about 6 eV. Instead the EELS data for annealed ta-C showed only a Momentum (a.u.) Momentum (a.u.) Figure 3 . The (e,Ze) data from the ta-C sample after Ar-O plasma etching (a), and after annealing (b). These data sets have been deconvoluted to reduce the contribution of multiple scattering effects and are compared to LMTO calculations which have been spherically averaged and folded with experimental resolution function?.. The dispersion curves given by the peak positions in the theory and the data are also shown. slight x plasmon peak, and the bulk plasmon loss energy remained quite high, at about 29 eV. 'Ihe absence of B strong z plasmon indicates that the target was not entirely microcrystalline graphite. The bulk plasmon energy peak at close to 30 eV indicates that the target is still of high density after annealing [2] .
The (e,2e) measurements after annealing the ta-C showed that the foil had become conducting, because the Fermi level shifted back to about 5 eV below the YBCUU~ level, the same as for e-C and crystalline graphite. The energy peaks appear to be sharper, but it is not clear whether the broader oatwe of the energy peaks in the unannealed ta-C is intrinsic or associated with non-uniform charging effects. In addition, the (e,2e) spectra for e-C show a sharpening of the peaks, to the extent that four momentum peaks become clearly resolved in the region of the r band [l I]. These four peaks represent the o and II bands on either side of zero momentum, as CB" also be seen in theoretical band SUUC~UK calculations ( figure  4(b) ). However, in contrast to the peaks in the binding energy spectra, the momentum peaks in the annealed and unannealed ta-C are sharper than those in the annealed e-C data [I I], which are in turn sharper than onannealed e-C. After annealing, ta-C showed four peaks that are clearly resolved in the energy region of the JI band, similar to the e-c case.
Although AI-O plasma etching is able to strip the graphitic surface layer from the foil, it is known to leave some oxygen on the surface [12] . For this reason, pure AI etching was performed to discover whether if this surface oxygen would be removed.
The pure AI etching was performed for about 30 min. This is in contrast to the total Ar-O etching time of about 4 minutes on this foil (which reduced the foil thickness by an estimated factor of two to three). An oxygen contribution in the (e,2e) data can be seen at about 14 eV binding energy ( figure 3(a) ). The intensity in this region was only slightly reduced by the pure AI etching, and it was clear that there was still oxygen bonded to the surface. No thinning of the foil was evident from the pure AI etching.
The 'sharpening' of momentum peaks after annealing e-C is considered to represent a move toward B higher degree of order [II] .
The exact nature of this order is unknown, however. For e-C the result is considered to be microcrystalline graphite, a conclusion which is supported by the EELS measurements.
The EELS spectra of annealed e-C of Vos et al [ 111 show a more pronounced r plasmon peak than do the present measurements.
An important feature of the present measurements is the difference between the final states of annealed e-C and ta-C after annealing and etching. The absence of a strong r plasmon peak in the ta-C EELS data indicates that the foil is not uniformly graphitic, particularly since the EELS data show no r plasmon peak after AI-O plasma etching. The (e,Ze) data on the annealed ta-C foil clearly shows stroctore which represents the x band of graphitic carbon (at a binding energy of around 7-13 eV in figures 3 and 4(b)), but these JZ band peaks do not show in the (e,2e) data after Ar-0 etching. These measurements support the idea of formation of a graphitic surface layer during annealing which can be removed by subsequent AI-O plasma etching.
Conclusion
We have shown that the difference between the electronic structure of diamond-like amorphous carbon (ta-C) before and after annealing is evident in the valence electronic structure., as expected from the tetrahedral bonding configurations in this type of carbon and the formation of a graphitic surface layer. The main difference can be seen near the Fermi level, where there is intensity associated with the z bonding orbitals in graphitic carbon, whereas this intensity is dramatically reduced for ta-C, showing a clear double peak structure, in contrast to the four peaks seen in graphitic carbon after annealing.
Both the evaporated and the MSIBD carbon forms are m&stable, and, after annealing, the near surface eiectronic structure shows a more ordered graphitic nature, with distinct peaks associated with z bonding (the additional pair of peaks near the Fermi level). It is interesting to nole that, after annealing, the MSIBD carbon appears to be more ordered than the annealed evaporated carbon, based on a comparison of the sharpness of the momentum profiles.
The tetrahedral nature of ta-C means that it is more isotropic than e-C. It may be that the higher degree of order in annealed ta-C is a consequence of the fact that the graphitic phase of ta-C grows mainly from the surface durihg annealing. In contrast, the higher disorder in annealed e-C may result from the distribution of graphitic recrystallization sites throughout the bulk of the sample.
